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ABSTRACT 
Two of the major commercial prawn fisheries in Western Australia are located 
in Exmouth Gulf and Shark Bay. Prawn fishing is the third most valuable fishing 
industry in WA, producing an annual income of $62 million. These two fishing regions 
are considered fully exploited (Fisheries WA Home Page) and careful management is 
needed to produce and maintain them as sustainable fisheries. The Western Australian 
Marine Research Laboratories, have developed detailed computer models which 
estimate the stock abundance of the prawn fisheries. This provides information on what 
sort of restrictions should be made to maintain a sustainable fishery. The impact of 
environmental factors on the daily catch rate of prawns plays a large part in the 
development of these models. Research conducted in this Thesis on the impact, if any, 
of the lunar phase on daily catch rates will help update these models. It will also provide 
more accurate information for fisheries management to maintain the sustainability of the 
prawn fishery in order that it can be fished for years to come. 
The data used for this Thesis consists of daily mean catch rates for the 
Endeavour, King and Tiger prawns for the combined regions within Shark Bay and 
Exmouth Gulf, obtained from the WA Marine Research Laboratories. Cloud cover data 
for two locations close in proximity to the fisheries, obtained from the Bureau of 
Meteorology, was also collected to investigate the effect of the level of moonlight. 
Moon phase dates and times from the Perth Observatory were also collected. All three 
categories of data covered six non-consecutive years from 1972 to 1987. Time Series 
methods were used to remove the trend from the daily catch rate of the prawns and any 
cyclic component was examined. Results have been compared to the phase of the 
moon, to investigate the effect of the lunar cycle, and different methods are used to 
model the data and are compared for the best fit. 
Results from this investigation show that the lunar cycle has a significant impact 
on the daily catch rates of the King prawn in both fisheries and the Endeavour prawn in 
Exmouth Gulf, resulting in drops in daily catch rates corresponding to the full moon and 
increases at the new moon. These results can be incorporated into the refinement of the 
catch rate models at the Fisheries Department in Wes tern Australia. 
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1. INTRODUCTION 
Two of the major commercial prawn fisheries in Western Australia are located 
in Exmouth Gulf and Shark Bay. Prawn fishing is the third most valuable fishing 
industry in WA, bringing in an annual income of around $62 million. The two fishing 
regions above are considered fully exploited (Fisheries WA Home Page) and careful 
management is needed to produce and maintain sustainable fisheries. The Fisheries 
Department in Western Australia already have detailed computer models for the prawn 
fishery which estimate the stock abundance of prawns based on catch rate data. This 
assists management in determining restrictions that should be made to maintain a 
sustainable fishery. These models need updating regularly with new research 
information for the development of improved management strategies. An area which 
would help to improve these detailed computer models would be the identification of 
the effect, if any, of the moon phase on the three main types of fished prawns in Shark 
Bay and Exmouth Gulf. 
The data collected for this Thesis consists of daily mean catch rates for the 
combined regions within Shark Bay and Exmouth Gulf obtained from the Research 
Marine Laboratories at Waterman. Moon phase dates and times from the Perth 
Observatory were also collected. Cloud cover data for two locations in close proximity 
to the fisheries was obtained from the Bureau of Meteorology. These three categories 
of data covered six non-consecutive years from 1972 to 1987. Before any Time Series 
methods could be applied to the data, missing values had to be estimated. Procedures 
could then be applied to remove the trend from the daily catch rate of the prawns to 
examine any cyclic component. The results were compared to the phase of the moon, 
investigating the effect of the lunar cycle, including the use of information on cloud 
cover for examination of light intensity. Different methods used for modelling were 
compared to obtain the best fit for the data and discussion determined the effectiveness 
of the Time Series approach. 
The outcome of this investigation can then be incorporated in the refinement of 
the existing catch rate abundance models at the Fisheries Department in Western 
Australia. The outcome will hopefully assist in maintaining the sustainability of the 
prawn fishery so it can be fished for years to come at optimal efficiency. 
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1.1 Background 
There are five main prawn fishery areas in Western Australia. This report only 
concerns two areas, Shark Bay and Exmouth Gulf. The commercial catch of three 
penaeid prawn species; the western King prawn, Penaeus latisulcatus, the brown Tiger 
prawn, Penaeus esculentus, and the blue Endeavour prawn, Metapenaeus endeavouri, 
are harvested in these two fisheries situated on the west coast of Australia. Figure 1.1 
and 1.2 are representations of the two areas. They both show regions of closure and 
fishing. For the purpose of this study the data for all regions was summarised to 
represent the entire area. These two areas produce Western Australia's third most 
valuable commercial fishing industry consisting of up to 117 trawlers for catching 
prawns which produce approximately $62 million annually for Australia's economy 
(Fisheries WA Home Page). Figure 1.3 contains a picture of the RV Flinders that has 
been used for 34 years to trawl for prawns along the Western Australian coastline 
(Fisheries WA Home Page). 
Exmouth Gulf Prawn Fisherv 
·' 
Figure 1.1: A map of the Exmouth Gulf Prawn Fishery with its permanent nursery and 
fishing areas. 
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Figure 1.2: A map of the Shark Bay Prawn Fishery with its permanent nursery and 
fishing areas. 
Figure 1.3: The RV Flinders. 
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In Shark Bay during the 1980's the average annual catch of King prawns was 
1,500t and since 1994 the average catch was l,270t, stabilising around 1,lOOt in more 
recent years. The catch of Tiger prawns constitutes about 35% of the annual catch. In 
the 1970's the annual catch of Tiger prawns averaged at 600t decreasing to 300t in the 
1980's, as a result of increased fishing pressure. Graph 1 below shows the decline in 
Tiger prawns from 1962 onwards. Taking into account the improved technology on the 
trawlers the effective catch rate shows an even more serious decline during this period. 
Fisheries WA management introduced measures to reduce fishing pressure in 1989 
which improved the catch to an average of 645t per year. These measures include 
compulsory moon closures from August 1987 for Shark Bay, to help stabilise the stock. 
The closures consist of three days centred on each full moon throughout the season. 
Other measures include control on the number of trawlers and their technology. 
The Exmouth Gulf fishery also suffered from the effects of fishing pressure on 
Tiger prawn stocks, resulting in a drop from an average of 600t per year to a reduced 
lOOt per year from 1975 to 1983. Fisheries WA researchers and managers returned the 
average annual catch to the 300-500t range with fishing controls and management 
measures. The annual catch of King prawns has been steady since 1970, ranging from 
200-300t and has recently grown to 400t per year on average. Moon closures became 
compulsory in 1983 for Exmouth Gulf. The annual Endeavour prawn catch in this 
fishery has remained stable at 100-300t on average. (Fisheries Western Australia)(ISSN 
1326-6926 No. 3 in a series.) Graphs 1.1 and 1.2 represent the average landings of 
prawn species in tonnes per year. It may be noted that the data for the Endeavour prawn 
in Shark Bay was not kept as the catch was negligible throughout the years. 
Research is being undertaken as to the effects of environmental factors on daily 
catch rates to update and ensure a sustainable fishing environment for the industry. This 
is important to maintain economic viability and to maintain the sustainability of the 
penaeid stocks. 
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Graph 1.1: Time Series plot of catch rate (average prawn landings in tonnes per year) 
for the Shark Bay fishery. 
Exmouth Gulf; Average Landings in tonnes per Year 
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Graph 1.2: Time Series plot of catch rate (average prawn landings in tonnes per year) 
for the Exmouth Gulf fishery. 
1.2 Importance of Research 
This report focuses on the impact of the moon phase on the catchability of three 
species of prawn in Shark Bay and Exmouth Gulf. The outcome of this report is 
important because it will provide statistical information on a topic which has not been 
specifically studied previously and may be used to update the mathematical models 
already in use at the Marine Research Laboratories. If there is a relationship between 
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the moon phase and daily catch rate, models can be developed to ensure a more accurate 
prediction of the abundance of penaeus stock, which will in turn assist in the 
development of a more sustainable economical yield and stock levels. 
Other factors that effect stock level are water temperature, tides, 
cyclones/storms, diurnal cycles, salinity and swells. The impact of these environmental 
factors has been researched to update and refine the detailed models used by the 
Fisheries Department. Little study has been performed on the daily effect of the moon 
phase. Already there have been voluntary and now compulsory closures of fishing 
during the full moon phase, as it is widely known by fishers that the catch rate drops 
around this period. Following a detailed study on this factor, there can be more accurate 
and detailed changes made to fisheries management to increase yield/profit whilst 
keeping the stock sustainable. Estimates on abundance of prawns are inferred from the 
catch rate itself. Since management decisions are based on estimates of stock 
abundance the results obtained in this report are very important. Therefore, we want to 
know whether the effect of the moon phase has an impact on the abundance of stock. 
1.3 Purpose of Study 
The purpose of this study is to: 
1) analyse the effect, if any, of the 29.5 day lunar cycle on the daily catch rates of 
the Endeavour, King and Tiger prawns in the Exmouth Gulf and Shark Bay fisheries, 
2) model the relationship between the prawn catch rates and the lunar phase using 
the time series approach, 
3) assist in determining whether the existing compulsory moon closures are 
effective in maintaining the sustainability of prawn fishing, and 
4) enable the improvement of models for predicting the abundance of penaeus 
stock for the future management of the fisheries. 
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1.4 Data Sets 
In order to study the effect of the lunar phase and cloud cover on the daily catch 
rate of three species of prawns, several different data sets are required. These data sets 
include daily catch rates of Endeavour, King, and Tiger prawns, lunar phase dates and 
daily measurements for cloud cover. All three sets of data have been collected for the 
years 1972, 1975, 1978, 1980, 1985 and 1987 for this study. 
1.4.1 Daily Catch Rate Data 
The Marine Research Laboratories in Waterman provided the data sets for the 
prawns that have been studied. The data obtained concerning daily prawn catches was 
aggregated from daily logbook records. This data has been collected by prawn fishers 
since the late 1960's (Fisheries Homepage). The regions the data was obtained from are 
represented in Figures 1.1 and 1.2. These logbooks contain entries on the fishing 
location, the mean depth of a trawl, total catch in kilograms for each region and 
environmental conditions. There are approximately 40 years of data available, however, 
only six non-consecutive years will be studied, namely; 1972, 1975, 1978, 1980, 1985 
and 1987. These years were chosen randomly and as a result some of the daily catch 
rate time series contain missing values surrounding the full moon, corresponding to 
compulsory or voluntary moon closures. 
The raw data supplied was in total catches per day in kilograms. To obtain the 
daily catch rate, the catch was divided by the number of hours of fishing, that is; Daily 
Catch Rate= Total Catch/ Hours Fished. The data was processed by the Department of 
Fisheries and entered into a database. For the purpose of this project the data was 
summarised to represent the catch over the whole fishing area. Some of the catches in 
the two regions were not recorded for particular days, and therefore some of the data 
sets contained missing values. In these cases the Time Series Analysis program 
STAMP, based on using a structural time series, was used to estimate the missing 
values in the time domain. Any estimated values that were estimated as negative were 
forced to zero because there can not be a negative catch rate. Compulsory moon 
closures are evident in the data from Exmouth Gulf in the years 1985 and 1987 and in 
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Shark Bay in 1987. These data sets will be useful once modelling has been completed 
as a basis for comparison on the effect of moon closures in order to determine the 
effective catch rate. 
1.4.2 Environmental Data 
The daily catch of prawns made by fishers depends on the environmental 
conditions. One such condition is the phase of the moon. Fishers have observed that 
the catch of prawns is at a minimum on days surrounding the full moon and at a 
maximum on days surrounding the new moon. This phenomenon should be 
investigated to assist in the prediction of prawn stock abundance. A related 
environmental effect is light intensity reflected by the surface of the moon from the sun. 
This can be inferred from cloud cover data. It has been documented that light can effect 
the behaviour of prawns, for example, during hours of daylight some species bury 
themselves under the substrate and emerge only at night (White, 1975). It has been 
suggested that perhaps this behaviour is a strategy to avoid predation (Griffiths, 1999). 
1.4.3 Lunar Phase Data 
The phases of the moon result from the relative positioning of the sun, earth and 
moon and give rise to differing amounts of sunlight being reflected from the surface of 
the moon as it rotates the Earth. At New Moon, the moon is in complete shadow. As it 
orbits the earth, the visible area grows, passing through the First Quarter until the Full 
Moon when all the surface reflects the sun's rays. The Last Quarter appears once the 
moon begins to pass back into the shadow of the Earth (Ridpath 1998). The moon 
phase data was provided by the Perth Observatory, consisting of a page corresponding 
to each year requested with all the dates of the four phases. To assess the impact of the 
moon phase on the catch rate the cyclic component of the catch rate, after the removal 
of the trend, was compared to the lunar indices. 
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1.4.4 Cloud Cover Data 
The impact of the light-intensity from the moon can be calculated using cloud 
cover data provided by the Bureau of Meteorology. The two areas where cloud cover 
was recorded were Learmonth and Carnarvon, which are in close proximity to Exmouth 
Gulf and Shark Bay respectively. This data is gathered by visual observation as eighths 
of the sky that are covered in cloud, measured at three hour intervals. The intervals 
from six in the afternoon to six in the morning were averaged to give one measurement 
to represent the cloud cover for the entire night. This was done for the five nights 
surrounding each phase of the moon. The resulting measurement can be used as the 
effect of light-intensity at the corresponding moon phase on that day and compared to 
the seasonal indices, or detrended data. The Bureau did not collect the data for the year 
of 1972 in Learmonth and therefore there will be no examination of the effect of cloud 
cover for this year for the Exmouth Gulf daily catch rates. 
1.5 Computer Software 
For the purpose of this Thesis a variety of different software was used. The 
analysis of time series was performed using MINITAB. Holt-Winter's method and 
classical decomposition were used to model the data. ARIMA and SARIMA models 
were applied to the data as another modelling technique. Excel is another useful 
package which was used to summarise cloud cover data to represent daily data 
surrounding the new and full moon phases. Excel was preferred when graphing 
different series to illustrate and compare data. STAMP, known as Structural Time 
Series Analyser, Modeller and Predictor was a package used to calculate the missing 
values evident in some of the data sets. 
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ASTSA is a package that can be used to model data and to perform spectral 
analysis. The software produces spectrums, in the frequency domain, that identify 
cycles evident in discrete time series. These cycles may then be removed to produce 
"stationary" time series referred to as "adjusted". 
1.6 Design 
The first step in the Thesis was to obtain the thirty-six data sets representing the 
complete catch rates. Any values which were missing were estimated using ST AMP. 
The second step was to use techniques to remove the underlying trend from the daily 
catch rates. The detrended data was then studied and consequently modelled using a 
number of methods. This result was compared to the cyclic component and the lunar 
indices for any pattern, as well as comparing it against summarised cloud cover data, as 
a measure of the intensity of the moonlight. 
Removing the trend reveals any cyclic component and its features. Spectral 
analysis was used to determine if the original data contained a cycle corresponding to 
approximately 30 days. If the trend was overshadowing any cycle, centred moving 
averages were used to remove the trend from the data, allowing another spectral 
analysis to identify the period of any cycle uncovered. Once the trend component was 
removed, analysis of the detrended data took place using classical decomposition, Holt-
Winters and Box-Jenkins ARIMA/SARIMA modelling. 
The original daily catch rate data was also modelled using the Holt-Winter's 
Method. The data left once the trend and the cycle had been removed, (observations -
trend - cycle or observations/trend/cycle) was then referred to as "adjusted". This data 
was modelled using Box-Jenkins ARIMA and SARIMA modelling to discover if any 
other cycle or Autoregressive/Moving Average components effected the data. These 
techniques can be carried out using the computer software MINIT AB and Excel. 
13 
The cyclic component derived using classical decomposition and the Holt-
Winters method were compared to identify any differences in estimating the index. 
Residual analysis and diagnostics were performed to compare the various techniques 
used to model the data for the best fit, comparing the effectiveness of each technique. A 
section follows discussing the results from modelling the data and ways to model series 
with the effects of compulsory moon closures (missing values for three days 
surrounding the full moon), to predict the catch for these days to establish if moon 
closures are indeed appropriate. 
Another environmental factor which contributes to the amount of light in the 
night sky is the amount of cloud cover. Various techniques were used to determine any 
effect of the amount of cloud cover on the catch, cross-correlations and correlations 
performed between different summaries and combinations of the cloud cover data and 
the detrended/transformed data sets. This section is exploratory and any results will be 
interpreted as such. 
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2 LITERATURE REVIEW 
The background information on prawns in general and their abundance at the 
Exmouth Gulf and Shark Bay fisheries was easily attainable from the Fisheries 
homepage over the Internet. Brochures supplied by the Marine Research Laboratories 
in Waterman also provided a detailed summary of catches of each prawn type over the 
period from when the fisheries first opened. The Research Laboratories also contain 
their own extensive library of related articles and journals. There has been little 
research done on the effect of moonlight on prawns so therefore the majority of 
information relating to the behaviour of prawns was found in the Fisheries library. The 
most popular journals which covered this topic were Marine and Freshwater Research, 
Fishery Technology and Marine Ecology-Progress Series. There was also some useful 
information in five different National Prawn Seminar published notes. 
Information is readily available on moon cycles over the Internet particularly the 
Perth Observatory Homepage. The dates and times for each moon phase can be 
obtained easily through the Observatory via mail for a small fee. Information on the 
phases of the moon can be found in many amateur astronomy books, a particular book 
called 'Stars and Planets- The visual guide to the night sky viewed from around the 
world', is particularly helpful and easy to understand. The Bureau of Meteorology 
Homepage provided the means to make contact with the Bureau for information 
pertaining to factors effecting light intensity, conversations resulted in data collection of 
cloud cover. 
Time Series Analysis is a widely published set of techniques and theories. 
Books on this topic are numerous, the most useful books are by Box, Jenkins and 
Reinsel (1994), Chatfield (1996), Cryer (1986) and Newbold and Bos (1990). More 
information can be found over the Internet, through the Bureau of Statistics Homepage 
and under the general heading of Time Series Analysis. The theory behind Spectral 
Analysis can be found in Chatfield (1996) and the documentation on how to use 
ASTSA can be found through the web-site used to download a copy of the free 
program. The theory on Structural Time Series Analysis can be found in 
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Chatfield(1996) and Harvey (1989) and the instructions on how to use the program 
ST AMP is provided in a manual that comes with the program. 
2.1 Research with the King, Tiger and Endeavour 
Prawns 
Sufficient information was available concerning the effect of the moon phase on 
penaied prawns. White studied factors affecting the catch of penaeid shrimps from data 
representing the daily mean catch per effort of P. Esculentus from 1969 to 1971. He 
discovered that "A pronounced lunar rhythm [was] present in the abundance (catch/unit 
effort) of P. esculentus (tiger prawn) in Exmouth Gulf." White also revealed an effect 
of moon phase on penaeids in aquariums and concluded that there were a maximum 
percentage of animals above the substrate at the new moon and a minimum at the full 
moon (White T., 1975). Moulting of prawns shells, in general, is something that has 
been found to coincide with the full moon phase, with prawns ceasing to feed during the 
moult, resulting in them being less catchable (Fisheries Western Australia)(ISSN 1326-
6926 No. 3 in a series.) 
An analysis using generalised linear models and analysis of variance (ANOVA) 
was performed, by Fernandez, on the difference between the catch rates during the full 
moon period and otherwise of the King, Tiger and Endeavour prawns in the Exmouth 
Gulf and Shark Bay fisheries. The results showed that for King prawns there was a 
reduction of 15% in the catch rate during the full moon period in Exmouth Gulf and a 
reduction of 24% in Shark Bay. There were similar results for the Endeavour prawns, 
but there was no significant reduction in the Tiger prawn catch rates during the full 
moon period. Fernandez did not investigate variations during the fishing season. 
Research that has been based on the species being studied in this Thesis, 
provides evidence that there exists an effect on the behaviour and activities of penaeid 
prawns and provides probable cause for further research. This Thesis will examine the 
effect, if any, of the moon phase on the daily catch rate of the King, Tiger and 
Endeavour prawns in the Shark Bay and Exmouth Gulf fisheries using a time series 
approach, in an attempt to provide further statistical data for updating the mathematical 
models already in place for assessing stock abundance. 
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2.2 Research with Other Species 
Studies containing the results from the investigation of the impact of the lunar 
phase on other species are important to include in the research for this project. The 
effects on other species can provide an insight into what may happen with the three 
species of prawn being studied concerning the lunar phase. In addition they can assist 
in the development of appropriate methodology for this study. Research done by 
Decoursey (1983) on the biological rhythms of crustaceans, revealed that the lunar 
phase is one of five environmental cycles which have an impact on animal periodicity. 
Examples of such behaviours are provided that coincided with changes in the phase of 
the moon, such as 11 ••• the semilunar reproductive rhythms of courtship and spawning in 
crustaceans such as Uca spp., Sesarma spp., or Excirolana. 11 
Another study performed by Griffiths discovered 11 ••• that lunar period had a 
significant effect upon prawn abundance in Shellharbour Lagoon, where catches during 
the new moon were significantly higher than during the full moon ... 11 for the Eastern 
King Prawn (Penaeus plebejus). Courtney (1996) discovered an interaction between 
lunar phase and the sex of Penaeus plebejus and Gunaga, Neelakantan K. and 
Neelakantan B. (1991) found that seed abundance for Penaeus merguiensis and 
Metapenaeus dobsoni was also effected by the phase of the moon. More studies have 
found that the inshore migration of postlarvae banana prawns (Penaeus merguiensis) 
into a mangrove estuary of the Gulf of Carpentaria, generally has a maximum catch at 
new moon, and over small time scales lunar phase has also been found to affect 
postlarval size and stage (Staples DJ., Vance DJ., (1985)). 
A Masters Thesis produced by Srisurichan (2001) covered the effect of three 
environmental factors, namely lunar phase, swell and sea water temperature, on the 
daily catch rate of the western rock lobster at different depths from the southwest coast 
to the northwest cape of Western Australia for the years 1992 to 1999. The results for 
the lunar cycle revealed that this environmental factor had an impact on the daily catch 
rates of the western rock lobster. Overall the daily catch rate cycles were similar for all 
data sets analysed. Calculated percentages of the catch rate above and below the 
average detrended catch rate gave a good indication of the effect of the lunar phase on 
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the catch of the western rock lobster, showing similar results of catches below the 
average at full moon and above the average at new moon. 
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3 MATHEMATICAL BACKGROUND 
This section covers some background for Time Series Analysis, such as time 
series components and some techniques used to break down a series and model the data. 
Appropriate methods are briefly described which were used in the analysis of the data 
gathered for this Thesis. 
3.1 Introduction to Time Series 
"A time series is a sequence of observations taken sequentially in time." (Box, 
Jenkins, Reinsel, 1994). Examples occur in a variety of fields, such as economics, 
meteorology, agriculture, biological sciences and engineering. An example of a time 
series, is a collection of daily measurements made continuously in time of air pressure 
from a barometer. This constitutes a continuous time series over daily time frames. In 
this project, though, all time series are discrete. The definition being that a discrete time 
series is a collection of measurements that are only taken at specific times in equal 
intervals (Chatfield 1996). The data used in this project are considered discrete. The 
daily catch rates are the total catch of prawns caught for each day, each moon phase 
appears every 29.5 days; the cloud cover data is an averaged measurement taken at the 
same time per day coinciding with the lunar phases for comparison. 
3.2 Components of Time Series 
A time series can be decomposed into trend, seasonal, cyclical, and irregular 
components. Trend can be loosely defined as the "long-term change in the mean level" 
(Chatfield 1996) or some broad upward or downward movement (Newbold & Bos 
1990). The seasonal effect is a variation that is annual in period and like trend can be 
identified and removed if necessary. Cyclic changes are variations that occur at a fixed 
period due to some physical cause other than seasonal effects. Remaining irregular 
fluctuations can be described as residuals left after trend and cyclic variations have been 
removed, which may or may not be random. 
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A time series can be made up of a sum or product of these components. For 
example; 
OR 
where Xt is the observation, Tt is the trend component, St is the seasonal component, Ct 
is the cyclic component and It is the irregular component at time t. 
3.3 Classical Decomposition 
In this Thesis the three sets of catch rate time series was broken down to study 
the components individually. A method that was used for decomposing the time series 
into its components is called classical decomposition. The trend of a series can be 
described as long term growth or decay, smoothing the data can identify this trend. The 
jagged appearance of the original daily catch rate in Graph 3.1 suggests the presence of 
an important irregular component (Newbold 1990), if it were to be removed the graph 
would become smoother. By smoothing the effects of the irregularities one can get a 
better picture of the trend. A smoother picture of the trend pattern can be achieved by 
averaging. 
Centred moving averages can be used to separate the components of a time 
series into the seasonal irregular component (detrended), seasonal factor (cyclic 
variation) and the trend component. Because the catch rates are thought to be affected 
by the lunar phase an appropriate moving average to smooth the data would be a 30 
point moving average. One must average all sets of thirty consecutive values of the 
original series because the lunar cycle is approximately 30 days. For example: 
Sm(xt) = (Xt-15 + ... + Xt-1 + Xt + Xt+l + ... +Xt+I4)/30 
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This operation was applied to the rest of the data sets. The resulting values, 
created from the moving average system, lie between two time periods because 30 is an 
even number and therefore adjacent pairs of data need to be averaged (centred) for the 
smoothed values to correspond to the original series. This centred moving average is an 
estimate of the trend-cycle component. The general formula is: 
CMA(xt) = (Xt-o.s + xt+o.s)/2 
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Graph 3.1: The daily catch rate of the Endeavour prawn in Exmouth Gulf for 1980 can 
be smoothed using a 30 point centred moving average. 
Graph 3.1 above illustrates the centred moving average calculated for the daily 
catch rate of the Endeavour prawn in Exmouth Gulf for 1980. To remove the trend 
from the daily catch rate, the real observations are either divided by the centred moving 
average or the centred moving average is subtracted from the observations depending on 
whether the data is multiplicative or additive. Data appears multiplicative if the 
seasonal variation increases as the trend increases, whereas a series appears additive if 
the seasonal variation remains relatively constant as the trend increases. The majority 
of the data sets appear multiplicative when graphed as a time series. Now that the trend 
has been removed, in this case by division, see Graph 3.2 below, the cyclic variation in 
the detrended series can be studied for effects of the lunar phase on the catch. A method 
of doing this can be by comparing this detrended data with the period of the lunar cycle, 
the lunar indices. The detrended data can be described and modelled by using classical 
decomposition with MINIT AB because the program assumes a linear trend for any 
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senes. Classical decomposition can also be used to isolate the cyclic component from 
the original data, using medians, and is a cycle that repeats itself, in this case every 30 
days, and can also be compared to the detrended data. 
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Graph 3.2: The trend is removed from the Endeavour prawn data by dividing the 30 
point centred moving average into the observations. 
The model Classical Decomposition uses for this data will be: 
Catch Rate = Trend + Cycle + Adjusted 
OR 
Catch Rate = Trend*Cycle*Adjusted 
That is; 
These components can be seen below in Graph 3.3 of the Endeavour prawn in 
1980. 
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Endeavour prawn in Exmouth Gulf for 1980. 
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decomposition model for the 
The "adjusted" data is what is left once the trend and an apparent 30-day cycle 
have been removed from the data. This adjusted data is believed to be an AR(l ) series, 
(that is; At= aAt-l + Zt, where the current value A~> is based strongly on the past value, 
At_1, plus some random error), this was to be investigated later and included in the 
model. Therefore the model is more specifically: 
where; At= aAt-1 + Zt 
3.4 Holt-Winters Method 
An alternative to breaking down the original data and modelling it was used, 
known as Holt-Winters Method. The Holt-Winters Method is a form of exponential 
smoothing that bases the calculation of predicted values on the historical record using 
the most recent trend and seasonal terms (Newbold & Bos 1990). This method can be 
used for data that exhibits seasonal behaviour, in this case the seasonal behaviour is a 
cycle corresponding to the lunar phase. 
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To use the Holt-Winters Method it must be decided if the data is additive or 
multiplicative, although both can be used and resultant models compared for the better 
fit. The smoothing parameters for the method need to be estimated to update the level, 
trend and the seasonal index, ie. alpha (a), beta (~) and gamma (y), these are usually 
between 0 and 1, which can be selected by minimising the mean squared error (MSE). 
These smoothing parameters break the data down into level, trend and seasonal 
components. These three components are calculated using the following equations: 
at= a XtfSt-1+ (1-a)(at-1 + bt-I) 
bt =~Cat- at-!)+ (1-~)bt-1 
St = Y Xtfat + ( 1-y)St-c 
at. bt and S1 correspond to the level, trend and season respectively, c is the seasonal 
cycle, in this case c = 30, ie lunar period. As an example of how Holt-Winters breaks a 
series down into its components using the above equations, below is a graph of the 
components of the daily catch rate of the King prawn in Shark Bay in 1972. 
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Graph 3.4: Components generated by the Holt-Winters method of the daily catch rate 
of the King prawn in Shark Bay for 1972. 
The model used by Holt-Winters Method for this data is: 
Catch Rate = Level + Trend + Slope + Residuals 
OR 
Catch Rate= Level*Trend*Slope*Residuals 
That is: 
CR1 =Li+ Ti+ Si+ R1 
OR 
CR1 = Li*T1*S1*R1 
3.5 ARIMA and SARIMA Models 
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Box-Jenkins ARIMA(p,d,q) model and seasonal ARIMA model 
SARIMA(p,d,q)(P,D,Q)s, (when a series contains a seasonal periodic component s), 
will be used to describe the adjusted data that was calculated using Classical 
Decomposition. These methods can be used to determine cycle variations even though 
they refer to seasonality in the series. The parameters of the model are found by 
examining the ACF (autocorrelation function) and the PACF (partial autocorrelation 
function) of the data. A SARIMA model will only be used if the data needs to be 
differenced again to remove any other cycle evident in the adjusted data. Once the 
parameters have been identified they are inserted into the model of the corresponding 
form using computer software (MINITAB). 
The corresponding formula for an ARIMA model is; 
where p is the order of the AR(p) (autoregressive) component, q is the order of the 
MA(q) (moving average) component, dis the amount of times the data was differenced, 
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t corresponds to time and a and ~ are the coefficients of the AR(p) and MA(q) 
components calculated by MINIT AB. 
The corresponding formula for a SARIMA model is; 
(1 - Cl1B - ... - ClpBP)(l - (j)1Bs - ... - <ppBsP) VdVs0 Xt 
= C + (1 + ~1B + ... + ~qBq)(l - 01Bs - ... - 0QBsQ) Zt 
where p and q are the orders of the AR(p) and MA(q) components respectively, P and Q 
correspond to the number of peaks in the ACF and P ACF at multiples of s ( the period of 
the cycle), d is the amount of times the data was differenced, D is the seasonal 
difference performed, and a, ~. <p, 0 are coefficients calculated by MINIT AB. It will be 
assumed for these formulas when modelling the data that there is no constant term 
because the trend has been removed from the series. 
3.6 Spectral Analysis 
Another function which is useful for examining the evolution of a time series, 
complementary to an autocorrelation function, is the Spectral Density Function. This is 
a useful tool for measuring the frequency properties of a time series. The frequency 
domain is [0,1t] and the spectrum represents the contribution to the variance of the 
components with frequencies in the range. Graph 3.5 below illustrates the use of 
spectral analysis. A spike in the curve indicates an important contribution to the 
variance, meaning there is a cycle evident in the time series with a period equal to the 
inverse of the frequency. This function was used to determine if there was a cycle 
evident after the trend had been removed, this may need to be removed before 
ARIMA/SARIMA modelling can be applied. The Fourier transform of the 
autocovariance represents the spectrum, and will be used to index the frequency. The 
software used for this analysis will be ASTSA. 
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Graph 3.5: A cycle corresponding to approximately 32 days is picked up in the 
detrended data set of the King prawn in Shark Bay for 1975. 
3. 7 Analysis of Residuals 
The analysis of residuals was used to determine if the fitted models are 
appropriate and which would have the better fit. For a model to be appropriate the 
residuals must be stationary when plotted as a time series, therefore they must be purely 
random. The residual autocorrelation function and partial autocorrelation function must 
also show the residuals to be random and close to zero. At the 95% confidence level it 
can be shown that for the residuals to be random they should lie between approximately 
±21../N, with only one in every twenty outside the limits (Chatfield, 1996). Residual 
analysis would show any outliers, obvious autocorrelation or cyclic affects. If there 
were to be any discrepancies, model modification would be implemented. The residuals 
are described as : 
Residual= observation -fitted value 
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3.8 Structural Time Series 
State-space modelling constitutes a general class of models that have been useful 
in time-series problems. It has been shown that many types of time-series models can 
be put into the state-space formulation, such as regression, ARIMA models and trend-
and-seasonal models (Chatfield, 1996). Harvey (1989) describes a general class of 
trend-and-seasonal models, called the basic structural model that involves the classical 
decomposition of the time-series into its components such as trend, seasonal and cycle. 
Harvey states that it is crucial to understand " ... that the state-space form opens up the 
possibility of setting up models in terms of components which have a direct 
interpretation". A menu driven statistical package, known as STAMP (Structural Time 
Series Analyser, Modeller and Predictor), uses structural modelling with classical 
decomposition, and is used as an alternative for modelling the original data. ST AMP 
enables models to be set up in terms of the components, which can then be estimated 
and the fits assessed using residuals and diagnostics (STAMP manual Version 3, 1989). 
Once the model is fitted, predictions and optimal estimates of the components can be 
made using the Kalman Filter, which is a recursive procedure for computing the optimal 
estimator of the state vector at time t (Harvey 1989). STAMP can also be used for 
estimating missing observations of a series in the time or frequency domain. 
3.9 Cross-Correlation Function 
So far the techniques that have been described deal with relationships between 
successive terms of a single series (Kendall & Ord 1990). When there are observations 
on two time series we are interested in, a cross-correlation can determine the 
relationship between them. One series, say Xt, is regarded as the input whilst series Yt 
is the output of a linear system (Chatfield 1996). This pair of series is regarded as a 
bivariate stochastic process with simultaneous pairs of observations (X1,Y1), 
(X2,Y2), ... ,(XN,YN) at discrete, equally spaced times t=l, 2, ... , N. An example of a 
bivariate process is having a coded input gas feed rate and output of CO2 concentration 
from a gas furnace (Box, Jenkins & Reinsel 1994). 
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Values that are less than -2/..../N and greater than 2/..../N are significantly different from 
zero and suggest correlations between the data at the lags they appear in the CCF. More 
specifically the equation for a cross-correlation function that measures the correlation 
between Xi and Yi+k is this: 
Pxy(k) = Yxy(k)/..../[rxx(O)yyy(O)] 
Where YXY(k) = COV(Xi,Yi+k) is the cross-covariance between Xi and Yi+k, 
Yxx(O) = COV(Xi.XJ the variance of Xi and 
yyy(O) = COV(Yi,Yi) the variance of Yi. 
In this Thesis the cross-correlation function (CCF) can be used to determine if 
the cloud cover does indeed affect the daily catch rate. A CCF will be performed 
between the cloud cover and the detrended data derived by Classical Decomposition 
corresponding to the dates of the four lunar phases, maybe revealing that the amount of 
cloud cover on these days effects the catch rate. 
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4 ENVIRONMENTAL FACTOR ON CATCH RATES 
The data sets of the daily catch rates and the effect of the lunar phase on these 
daily catch rates was investigated and the results are discussed in the following sections. 
Section 4.1 describes the characteristics of the daily catch data sets, and Section 4.2 
discusses the effects of the lunar phase on the data sets. 
4.1 Exploratory Data Analysis 
The daily catch rate of prawns consists of thirty-six different data sets for this 
study. There are three sets of data for each species of prawn, the Endeavour, King and 
Tiger prawn. Each set of data consists of daily catch rates for both fisheries, Shark Bay 
and Exmouth Gulf for each of the six years of data; 1972, 1975, 1978, 1980, 1985, and 
1987. The data provided by the Marine Research Laboratories contained missing 
observations; the table below illustrates the number of missing values for each series. 
These values had to be calculated to produce complete series. The mathematical 
program ST AMP was used to calculate these values. Graph 4.1 is an example of how 
accurately the program estimates the values by smoothing the data. The optimal 
estimate of the missing observation is produced by adding together the smoothed 
components calculated at the time as the missing observation (STAMP manual, 1989). 
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not clearly evident in the distributions in the catches in Exmouth Gulf which vary from 
year to year. The Tiger prawn had a consistent distribution in daily catch rates for each 
location for all years, this distribution is positively skewed with high catches from 
March to June, and Graph 4.2 shows an example. 
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Graph 4.2: Distributions of the daily catch rates of the King prawn in Shark Bay for 
1972, and the Tiger prawn in Exmouth Gulf for 1975. 
4.2 Trend 
Another method of compru.ing the distributions of the daily catch rates and to 
investigate the consistency of the distributions over the years would be to overlay the 
trends for all years in each fishery. The trend is equal to the centred moving average 
calculated for each data set. The set of six graphs below, Graph 4.3, illustrates the 
distributions over the season for all six years. 
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Graph 4.3: Each species of prawn in both fisheries have the centred moving averages 
overlayed for all years, for an investigation into the consistency of the distributions. 
33 
The trends for all years in each graph above portray similar distributions for the 
season. The Tiger prawn in Exmouth Gulf and both the Tiger and King prawns in 
Shark Bay have similar positively skewed distributions with a peak of varying size in 
daily catch rates at the beginning of the season. It can be noted that there was little 
change over the years in Shark Bay for the King prawn and that the highest peaks for 
the Tiger prawn occurred in the earlier years showing a substantial reduction in catch 
rate in the later years, for both fisheries. Both the Endeavour and King prawns in 
Exmouth Gulf have varying trends for all years but portray an increase in catch rate near 
the end of the season. The data for Endeavour prawn in Shark Bay contains too many 
zero catches for a comparison of trend to be useful. 
Differences in the data sets occurred when the compulsory and voluntary moon 
closures began. The effect of a moon closure produces three days of missing values 
surrounding the date of the full moon. These values were not estimated using STAMP 
as estimates at predicted turning points were not accurate and these data sets can 
consequently be used to model the results. On observation, the majority of the data sets 
appear multiplicative, a small number appear additive, but analysis of residuals will 
determine this. 
4.3 Lunar Phase 
The moon has four different phases, namely, New Moon, First Quarter, Full 
Moon and Last Quarter, Full Moon being when the whole of the moon is reflecting the 
rays of light from the sun. It is thought that the amount of light that is reflected by the 
surface of the moon affects the behaviour in crustaceans. If there is a lot of light the 
prawns tend to bury themselves in the substrate to avoid predators. White discovered 
that Tiger prawns stayed buried in the seabed during the day and only came out at night 
(White 1975). To assess the effect of the lunar phase on the King, Tiger and Endeavour 
prawns, the lunar phase can be assigned arbitrary values to form a cycle and then 
compared to the detrended daily catch rate data graphically. Another useful comparison 
is that between the cyclic component derived by Classical Decomposition and the lunar 
phase. 
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4.3.1 Detrended Data Compared with Lunar Phase 
Once the centred moving average is subtracted from or divided into the original 
data set, the resulting series is then described as detrended data because the trend has 
been removed. In all cases the data sets were treated as multiplicative because 
diagnostics showed the errors were smaller for modelling using a multiplicative model. 
Detrending the data for the Endeavour prawn in Shark Bay was unsuccessful because 
there were too many zero catches that caused problems in dividing values by the CMA 
when they were equal to zero. Spectral analyses were performed on the original data 
sets and the detrended data sets and is located in Appendix B. It was discovered that 
four of the data sets, not including the Endeavour prawns in Shark Bay, did not include 
significant peaks in the spectrum corresponding to approximately 29.5 days. These four 
data sets include; Endeavour-Exmouth-1978, Tiger-Shark Bay-1975, and Tiger-
Exmouth-1975, 1978. These data sets were ultimately not detrended for comparison 
with the lunar phase because this includes dividing a 30 point centred moving average 
into the observations, which would not be appropriate if there is no cycle in the data 
corresponding to approximately 30 days. 
The lunar indices are points that correspond to the date for each of the four lunar 
phases in the same year as the daily catch rate was taken; first quarter, full moon, last 
quarter and new moon. These points were allocated arbitrary values to represent a cycle 
that corresponds to each set of four phases. The detrended data can be compared to the 
lunar indices on the same graph. Because only the trend was removed from the data, the 
detrended series could still contain a cycle in the data. By comparing the two sets of 
data it is possible to see if the catch rate decreases at the full moon and is at a maximum 
at the new moon. 
The resulting graphs from this comparison can be located in Appendix C. 
Comparisons that yielded good results were those that had a decreased catch at almost 
every full moon. These mostly corresponded to King prawn catches in Shark Bay for 
all years, the King prawn in Exmouth Gulf for all years and the Endeavour prawn 
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catches in Exmouth Gulf from 1972 to 1978. Graph 4.4 contains two examples of these 
good results, the detrended data has an obvious strong 30-day cycle that corresponds to 
the shape of the lunar index cycle. It can be noticed that the catch is low at most full 
moons, corresponding to the purple square, and at a high at most new moons, the blue 
diamond. 
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Graph 4.4: Detrended daily catch rate, in kilograms per hour, for the King prawn in 
Shark Bay in 1980 and the Endeavour prawn in Exmouth Gulf in 1972. 
The drop during the full moon in the detrended catch rate for the Tiger prawn in 
Exmouth Gulf was not as evident but one data set contained smaller degrees of a 
decrease during the full moon. Graph 4.5 shows the comparison for the detrended daily 
catch rate of the Tiger prawn for 1972. The detrended daily catch rate for the Tiger 
prawn in the Shark Bay fishery does not exhibit any effect in catch caused by the lunar 
phase for any year. Because the data sets had mostly zero catches for the Endeavour 
prawns in Shark Bay, the data set could not be detrended. Therefore, this section did 
not provide any useful information to provide an insight into the effect of the lunar 
phase on the daily catch rate. 
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Graph 4.5: Detrended daily catch rate, in kilograms per hour, for the Tiger prawn in 
Exmouth Gulf in 1972. 
4.3.2 Cyclic Indices Compared with Lunar Phase 
Classical decomposition and the Holt-Winters method can be used to isolate the 
cyclic component from the original daily catch rate data and is a cycle that repeats itself, 
in this case every 30 days. The cycle is obtained by taking median values of every set 
of 30 values for 30 consecutive points. Because this cycle has to be an even number 
and not 29.5 days the created cycle is not expected to match perfectly with the lunar 
phase. The two data sets created by the two different methods need to be compared to 
identify any differences in estimating the index. This is because the cycle created by 
Holt-Winters varies slightly over time whereas it doesn't for classical decomposition, 
for example see Graph 4.6, differences occur at approximately 0.94 and 0.66 for the 
Holt-Winters method. 
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Cyclic Indices; Winters and Decomposition 
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Graph 4.6: Cyclic component comparison for the Holt-Winters method and classical 
decomposition for the King prawn in Shark Bay for 1980. 
Altogether, there are ten graphs for the three prawn species in the two different 
areas for all years available using classical decomposition and the Holt-Winters method 
except for the Endeavour prawn in Shark Bay. Below is an example of the Holt-
Winters method for creating the 30-day cyclic index for the four phases of the moon. 
The index values correspond to the percentage increase or decrease above or below the 
trend of the daily catch rate. 
Detrended Indices; King, Shark B:ly Winters Cyclic lndces; King, Shark B:ly 
2.5 
1.4 
2 ••JzZlll >< • ••• Cll • 1.2 z 
····!· .. "0 c ll . 
• ~ 1 .. • • •• _l ; 1.5 
• • • • • • • .. ' .... 1: :& Z I I Z J: Cll • :s I o o • 
"0 I I • • · . ·i! lli • .q .E 0.8 • '"u :: : c 1 • ~ 0.6 ••••••• ~ ·i=• •; • • • • 
• Gi • • • X • I • • • >o ••••••• • ••••• • 0 0.5 
····· ···~ (.) 0.4 -I I I I I I & .a • J. I I I I I I ••••••• • ••••• 0.2 
0 0 
lime(dlys) 
[· 1972 1975 o 1978 • 1980 z 1985 • Llmr ~e I I· 1972 1975 o 1978 • 1980 a 1985 • Lunar Fhase I 
Graph 4.7: Detrended and cyclic indices calculated using classical decomposition and 
Holt-Winters for the daily catch rate of King prawns in the Shark Bay fishery from 1972 
to 1985. 
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The method by which the indices in Graph 4.7 were calculated was by taking 
three-day averages surrounding the first seven dates from the beginning of the detrended 
and cyclic data sets for each lunar phase. These values were then grouped in their 
respective phases and plotted against arbitrary values that represented that phase. The 
daily catch rate during the four phases of the moon show low catches during the full 
moon and high catches during the new moon. This result confirms an effect of the full 
moon on the daily catch rate of King prawns in the Shark Bay fishery. It can also be 
noted that for the King prawn in Shark Bay the cyclic index appears to decrease slightly 
towards the end of the season for the full moon dates, whilst the catch rates seem to 
increase over the season for the dates corresponding to the first quarter. This is due to 
the lunar phase cycle not matching the 30 day cycle used to create the indices. The 
index created using the detrended data shows a more constant pattern over the season, 
which would be expected, note there are some outliers early in the season for some of 
the phases. The graphs for the detrended indices are based on the original data and 
therefore these results are more accurate because there is no problem between a 30-day 
cycle and the lunar phase. 
The rest of the cyclic index graphs for both methods can be found in Appendix 
D. Most of the graphs show similar results of the cyclic index for the two methods. A 
situation where the results are quite different are for the King prawn in Exmouth Gulf. 
In this case the Holt-Winters method produces a pattern which suggests the lunar phase 
has the same effect as in Shark Bay, whilst decomposition does not reflect this pattern as 
clearly. 
The strongest pattern for a decrease in catch during the full moon and an increase 
in catch at the new moon are for the King prawn in Shark Bay for both classical 
decomposition and Holt-Winters method, as can be seen in Appendix D. Weaker 
patterns of this phenomenon are evident in the cyclic indices for the Endeavour prawn in 
the Exmouth Gulf fishery for both classical decomposition and Holt-Winters method and 
the King prawn in Exmouth Gulf for the Holt-Winters method. The cyclic indices for 
the Tiger prawn in Exmouth Gulf has no pattern that suggests there is any effect of the 
lunar cycle, the pattern in the indices is almost constant. Whilst the catch of the Tiger 
prawn in the Shark Bay fishery seems to contain an increase at full moon and a decrease 
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at new moon. The results suggest that the King prawn is the species mostly affected by 
the phase of the moon, whilst the Tiger prawn is the least affected, perhaps the King 
prawn is more likely to bury itself when there is a lot of light. 
Tables 4.2 and 4.3 contain summaries of the mean values for the cyclic index 
using classical decomposition and the Holt-Winters method, categorised for each phase 
of every available year of each species for both fisheries. The tables also contain total 
mean values and standard deviations of the cyclic index for each prawn in both fisheries 
at the full moon. To interpret these values, a cyclic index above 1 represents a catch rate 
above the trend of the data set and a cyclic index below 1 represents a daily catch below 
the trend of the data set. The mean cyclic index values for the full moon can be 
converted to a percentage decrease below the trend. It can be noted that the daily catch 
rate has decreased at the full moon for all situations except for the Tiger prawn in 
Exmouth Gulf for classical decomposition and in both fisheries for the Holt-Winters 
method. 
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Table 4.2: Mean values of the four phases of the moon calculated from the cyclic index 
produced by Classical Decomposition for the three days surrounding the full moon. 
Fishery Prawn Year First Full Last New 
Species Quarter Moon Quarter Moon 
Endeavour 1978 
Prawn* 1980 
1985 
1972 0.9709 0.5853 1.0969 1.1927 
1975 1.0234 0.6545 1.0171 1.1836 
King 1978 0.9619 0.7051 1.0812 1.2426 
Prawn 1980 1.0062 0.5964 1.0374 1.1908 
Shark 1985 0.9659 0.7345 1.067 1.1797 
Bay Mean 0.9857 0.6552 1.0599 1.1979 
SD 0.0275 0.0654 0.024 0.0256 
1972 1.0142 1.2480 0.7221 0.7126 
1975 # # # # 
Tiger 1978 1.0973 1.0129 0.7144 0.8931 
Prawn 1980 0.9305 1.2464 0.6916 0.8298 
1985 1.1244 0.8006 0.633 1.0932 
Mean 1.0416 1.077 0.6903 0.8822 
SD 0.0877 0.215 0.0403 0.1593 
1972 0.9863 0.6924 1.0693 1.1344 
1975 0.8595 0.8825 1.0353 0.9439 
Endeavour 1978 # # # # 
Prawn 1980 0.9700 0.8324 0.967 1.0883 
Mean 0.9386 0.8024 1.0239 1.0555 
SD 0.0690 0.0985 0.0521 0.0994 
1972 1.1552 0.8244 0.6737 0.8939 
1975 0.9263 0.7647 0.6615 1.0865 
Exmouth King 1978 0.9317 0.7252 0.8955 1.0450 
Gulf Prawn 1980 0.9444 0.6421 0.9927 1.2288 
Mean 0.9894 0.7391 0.8059 1.0635 
SD 0.1108 0.0764 0.1646 0.1378 
1972 1.0665 0.9531 1.0092 0.9531 
1975 # # # # 
Tiger 1978 # # # # 
Prawn 1980 0.8764 0.9742 1.0203 0.9407 
Mean 0.9714 0.9637 1.0148 0.947 
SD 0.1344 0.0149 0.0078 0.0088 
* The many zero catches for the daily catch rate of the Endeavour prawn in Shark Bay prevented the data 
set from being detrended (by division) ergo there are no cyclic indices available for interpretation. 
# These years do not contain a significant peak at approximately 29.5 days in the original or detrended 
data sets. 
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Table 4.3: Mean values of the four phases of the moon calculated from the cyclic index 
produced by Holt-Winters method for the three days surrounding the full moon. 
Fishery Prawn Year First Full Last New 
Species Quarter Moon Quarter Moon 
Endeavour 1978 
Prawn* 1980 
1985 
1972 1.0259 0.6108 1.0700 1.2625 
1975 1.0301 0.7056 1.0488 1.2353 
King 1978 0.9502 0.7979 1.0555 1.2161 
Shark Prawn 1980 0.9970 0.6953 1.0689 1.2149 
Bay 1985 0.9714 0.7652 0.9299 1.2999 
Mean 0.9949 0.7056 1.0346 1.2457 
SD 0.0345 0.0720 0.0592 0.0359 
1972 1.0773 1.1892 0.8825 0.8765 
1975 # # # # 
Tiger 1978 1.1719 1.1306 0.7856 0.8766 
Prawn 1980 1.0672 1.391 0.772 0.84 
1985 0.991 0.9796 0.9086 1.1536 
Mean 1.0769 1.1726 0.8372 0.9367 
SD 0.0742 0.1703 0.0685 0.1456 
1972 1.0007 0.8032 1.0464 1.1547 
1975 0.8725 0.9859 1.0448 1.0955 
Endeavour 1978 # # # # 
Prawn 1980 1.0203 0.8954 1.0084 1.1029 
Mean 0.9645 0.8948 1.0332 1.1177 
SD 0.0803 0.0914 0.0215 0.323 
1972 0.9472 0.7575 0.9871 1.2218 
1975 1.0169 0.9239 0.8042 1.1524 
Exmouth King 1978 1.0123 0.7688 1.0797 1.1487 
Gulf Prawn 1980 0.9269 0.6325 1.0276 1.3214 
Mean 0.9758 0.7701 0.9746 1.2111 
SD 0.0456 0.1194 0.1198 0.0809 
1972 1.0549 0.9851 1.0242 0.9352 
1975 # # # # 
Tiger 1978 # # # # 
Prawn 1980 0.9833 1.2296 0.9403 0.8943 
Mean 1.0191 1.107 0.9823 0.9147 
SD 0.0506 0.173 0.0593 0.0289 
* The many zero catches for the daily catch rate of the Endeavour prawn in Shark Bay prevented the data 
set from being detrended (by division) ergo there are no cyclic indices available for interpretation. 
# These years do not contain a significant peak at approximately 29.5 days in the original or detrended 
data sets. 
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5 TIME SERIES MODELLING 
The following sections cover the use of Box-Jenkins techniques to model the 
adjusted data once the trend and cycle have been removed from the original 
observations. Modelling the adjusted data completes the classical decomposition model 
for the data: CRt = Ti*Ci* Ai. The cross-correlation function is then used to investigate 
the relationship between the amount of cloud cover on the nights of each lunar phase 
and the daily catch rate of the prawns. A cross correlation is performed between the 
cloud cover and the detrended daily catch rate. 
5.1 ARIMA and SARIMA Models 
Using the method of classical decomposition, the trend and any apparent 30-day 
cycle can be removed from the original daily catch rate by dividing it in to the detrended 
daily catch and producing an adjusted data set, Ai. This data set can be modelled using 
ARIMA or SARIMA models. A SARIMA model is used when there is still a cycle 
apparent in the data even after a 30-day cycle has been removed. Spectral analysis can 
be used to identify this cycle and differencing used to remove it. Both ARIMA and 
SARIMA models can be used to model the data and then the residuals compared to 
decide on the better fit. 
Spectral analysis was used to determine if there was a 30-day cycle in the 
original and/or detrended data. In Section 4.2.1 it was discovered that the data for the 
Endeavour prawn in Shark Bay could not be detrended and therefore an adjusted data 
set could not be extracted from the series. Four of the twenty-two available data sets, 
not including moon closure years and the Endeavour prawn in Shark Bay, did not 
include significant peaks in the spectrum corresponding to approximately 30 days. Two 
of these data sets contained no discernible cycle at all and the corresponding cyclic 
indices calculated by classical decomposition produced cycles that were too erratic. For 
these four data sets the original daily catch rate data was modelled using Box-Jenkins 
models. 
43 
Eight of the seventeen adjusted data sets produced contained a strange peak in 
the ACF at approximately lag 12, spectral analysis was performed on these data sets, an 
example is below in Graph 5.1. On examination of the spectrums it was discovered that 
there was no evidence of a cycle. Nevertheless any strong peak in the spectrum was 
incorporated into the modelling of the adjusted data sets. The models that were chosen 
as the best fit for the data were those with low mean square errors (MS), random 
residuals (values between 95% confidence limits of the ACF of the residuals) and a 
small number of variables. In all cases, ARIMAs were chosen over SARIMA models as 
the latter always had too many variables and the MS was not low enough. The ACF's 
and PACF's for the adjusted/original data sets can be located in Appendix E, the 
MINITAB print-outs in Appendix F and the ACF's of the residuals for the resultant 
models are located in Appendix G. 
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Gt·aph 5.1: Autocorrelation function for the adjusted data set of the King prawn m 
Shark Bay for 1972. 
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Twenty of the twenty-two adjusted/original data sets modelled (90.91 % ) 
produced ARIMA(l,0,0), AR(l), models as the best fit for the data, because the ACF's 
died out gradually toward zero whilst the PACF "cut off' after lag one. There was also 
one ARIMA(l,0,1) model produced for the King prawn in Exmouth Gulf for 1980 and 
an ARIMA(l,0,2) for the Tiger prawn in Shark Bay for 1985. All years for the 
adjusted/original data sets were modelled as AR(l) models for the Endeavour prawn 
and the Tiger prawn in the Exmouth Gulf fishery and for the King prawn in the Shark 
Bay fishery. The formula for an AR(l) is; 
At = aAt-1 + Zi 
Alpha values for the twenty AR(l) models are very similar, they range from 
0.8087 to 0.9886. These values correspond to a strong AR(l) relationship where the 
current value, Ai, is based strongly on the past value, At-I, plus some random error. 
Because these alpha values are strong, they could be used to determine missing values, 
such as during the compulsory three-day moon closures. The random error (Zt) was 
found to range between the values 0.0378 and 0.760 for the AR(l) models not including 
those modelled on the original data sets, which had larger errors. 
The modelling process is outlined for the Endeavour prawn in Exmouth Gulf. 
The adjusted data set for the Endeavour prawn in Exmouth Gulf for 1975, was derived 
by dividing the cyclic component into the detrended data set. The ACF and PACF of 
the adjusted data set can be located below in Graph 5.2. 
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Graph 5.2: The ACF and the PACF of the adjusted data set from the Endeavour prawn 
in Exmouth Gulf for 1975. 
The ACF and the PACF suggest a model with one AR component would be 
appropriate to fit the adjusted data. Using the ARIMA command in MINIT AB an 
ARIMA(l ,O,O) can be fitted, producing the out-put below: 
Final Estimates of Parameters 
Type Coef StOev 
AR 1 0. 9403 0.0210 
Number of observations: 278 
T 
44.80 
p 
0.000 
Residuals: SS 48.3116 (backforecasts excluded) 
MS = 0.1744 OF = 277 
Modified Box- Pi erce (Ljung- Box) Chi-Square stat i stic 
Lag 12 24 36 48 
Chi-Square 18.0 32.4 46 .7 51.6 
OF 11 23 35 47 
P-Value 0 . 08 1 0 . 093 0.089 0.300 
The modified Box-Pierce (Ljung-Box) Chi-Square statistic tests if the model is a 
good fit of the data. If the p-value of test statistic is over 0.05 for all lags tested then the 
model is appropriate to fit the data, in this case all p-values are greater than 0.05. The 
model has a low MS of 0.1744, which is a measure of the error between the fitted data 
and the observations. The model for this data set is: A1 = 0.9403A1. 1 + Zt_. 
The ACF contains a peak at approximately lag 12, therefore a spectral analysis 
can be performed on this data and if a cycle is picked up a SARIMA model may be 
fitted and the errors and number of variables contained. The ARINIA model was chosen 
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as the better fit as the simpler model with two less variables and the cycle picked up was 
approximately 21 days for which there is no biological reason. 
5.2 Cloud Cover 
Cross-correlation functions are useful in identifying relationships between 
variables. Cross-correlations were used to find any relationship between the amount of 
cloud cover in the sky and the detrended daily catch rate for data sets that had been 
found to be affected by the lunar phase in Section 4.2.2. The detrended daily catch rate 
was chosen because the cycle of the moon has already been removed and would make it 
easier to identify any other factor affecting the catch rate. In the case of the Endeavour 
prawn in Exmouth Gulf for 1978, where there is no cycle apparent in the data 
corresponding to the lunar phase, the observations were log-transformed (LN(X1 + 1)) to 
reduce variance due to the multiplicative nature of the data. The log-transformed data 
was used in place of detrended data for cross-correlations and correlations. In order to 
calculate cross-correlations the cloud cover data must be summarised. The cloud cover 
data is provided by the Bureau of Meteorology as eighths of the sky covered in cloud 
and is measured at three-hour intervals. The intervals from six in the afternoon to six in 
the morning were averaged to give one measurement to represent the cloud cover for the 
entire night. This was done for the five nights surrounding each phase of the moon. 
The detrended/transformed data sets calculated for each daily catch rate was also 
summarised to create detrended/transformed indices this was done by averaging a set of 
five days surrounding each lunar phase. A data set that included all five days 
surrounding the full moon phase was also cross-correlated with all five days 
corresponding to the cloud cover. 
A cross-correlation was performed between the cloud cover data and the 
detrended/transformed index for each data set. Section 4.2.2 resulted in a finding that 
the King prawn in Shark Bay and the Endeavour prawn in Exmouth Gulf are most 
affected by the lunar phase when examining the cyclic indices. Therefore these two sets 
were tested for effects of cloud cover on the daily catch rate during the four phases of 
the moon. A result that indicated a relationship between the amount of cloud cover on 
the night and the detrended catch rate would confirm that the amount of light reflected 
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by the moon penetrating the water has an effect on the behaviour of the prawns and 
moreover an effect on the daily catch rate of prawns. Unfortunately the results found no 
relationshl p. 
A method of visually observing thls effect of the cloud cover on the daily catch 
rate is to compare the detrended/transformed data with the cloud cover for the four lunar 
indices (five day averages) graphically. Below is an example of a comparison between 
the two data sets in Graph 5.3. In Graph 5.3 each lunar phase portrays a cloud cover 
value that has been divided by 8 to represent a value from 0 to 1, thls value is then 
subtracted from 1, so 0 means there is no light and 1 means the sky is the lightest. The 
values are then scaled down by 1 for a clearer comparison with no overlapping. It was 
predicted that the higher the amounts of cloud cover the higher the 
detrended/transformed daily catch rate. Even using the King prawn data in Shark Bay, 
that has been found to be affected by the lunar phase, there is no apparent pattern that 
suggests the amount of cloud cover during the full moon has an effect on the 
detrended/transformed daily catch rate of the King prawn in Shark Bay for 1972. 
Effect of Cloud Cover 
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Graph 5.3: Detrended King prawn data compared to a five day summary of cloud 
cover surrounding the nights of the four lunar phases for 1972 in Shark Bay. 
Another avenue for testing the effect of cloud cover was taken by summarising 
the cloud cover differently. A calculation of a rough measurement of the light intensity 
on the nights of the four lunar phases would be useful for other cross-correlations. To 
obtain thls measurement the averaged values already obtained for the cloud cover data 
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was divided by 8 because visual observations were made as values from Oto 8. This 
calculation would bring the number between O and l, where 1 represented a sky covered 
in cloud. This value was in tum subtracted from 1 to reverse the interpretation of the 
measurement so O means cloud and 1 means the sky is the lightest. Once this value was 
established it was multiplied by a rough measurement of the light that the moon would 
reflect were there no cloud cover for each lunar phase. The two quarter phases were 
assigned the value 0.5, the full moon 1 and the new moon 0. The equation designed is 
given below; 
[1- (CC/8)] X Light 
where CC is a summarised cloud cover measurement and Light is a rough estimate of 
the light intensity for each phase. 
The two data sets created for the two locations were then used in cross-
correlations with the detrended/transformed index using a five-day summary as before. 
The results are located in Appendix H. The set of CCF' s between the summarised cloud 
cover data and the detrended/transformed index found that none of the years for the 
Endeavour prawn in Exmouth Gulf were affected by the cloud cover, whereas all years 
for the King prawn in Shark Bay were affected by the amount of cloud cover. Graph 
5 .4 contains the CCF between the summarised cloud cover data and the detrended index 
for the daily catch rate of the King prawn in Shark Bay for 1980. The strong negative 
peak at lag zero corresponds to a negative relationship between the summarised cloud 
cover data on the night of the new moon and the detrended index. When there was 
maximum cloud cover, ie New Moon = 0, the catch was higher. A time series between 
these two data sets will further illustrate this relationship, for example Graph 5.5 
contains the time series of the two data sets from the CCF in Graph 5.4. 
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Gt·aph 5.4: CCF between summarised cloud cover data and the detrended index for the 
King prawn in Shark Bay for 1980. 
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Graph 5.5: Time series of the summarised cloud cover data and the five day averaged 
detrended indices for the King prawn in Shark Bay for 1980. 
The time series in Graph 5.5 shows the values of the summarised cloud cover 
data and the deu·ended indices in 1980 for the King prawn in Shark Bay. Graph 5.5 
illustrates that when there is new moon, which has been allocated a value of zero, the 
summarised cloud cover value is also zero, (ie. the cloudiest) at these times the catch is 
at its highest. Furthermore, it can be observed that as the cloud cover gets closer to a 
value of 1, (ie. the lightest) at full moon, the catch becomes less for the detrended data. 
Therefore the more cloud cover on nights of the full moon, when the amount of 
reflected light is at a maximum, the higher the catch. 
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A cross correlation was also performed on data that consisted of all of the five 
days surrounding only the full moon phase for the detrended/transformed and cloud 
cover data. No significant results were produced, suggesting there is no relationship 
between the amount of cloud cover and the detrended/transformed daily catch rate for 
all five nights surrounding the full moon. 
In addition to performing cross-correlations, ordinary correlations were 
performed amongst the data sets only on the nights of the full moon. Several tests were 
performed on different configurations of the data. The first test was between the two 
data sets where every value is an average of the catch or cloud cover over five days for 
each full moon date. These results can be found below in Tables 5.1 and 5.2. It can be 
noted that the strongest relationships exist between the amount of cloud cover and the 
detrended indices in Shark Bay for the King prawn in the year 1972 and in Exmouth 
Gulf for the Endeavour prawn in the year 1975. Even though these are the strongest 
relationships produced, they only reflect moderate positive and negative relationships. 
A negative relationship suggests that the higher the value for cloud cover, ie. 0 being 
cloudy and 1 being the lightest, on a night the smaller the catch, and a positive 
relationship suggests that the higher the cloud cover the higher the catch. Therefore 
negative relationships would be expected if the amount of cloud cover had an effect on 
the daily catch rates of prawns where the less light there was, the more catch there 
would be. 
A second test produced very different results, this included selecting the 
minimum catch for the five days surrounding the full moon and correlating it with the 
corresponding cloud cover for that date. The correlation coefficients produced contain 
the same signs as those produced in the previous test with similar degrees of correlation. 
There is now a moderate negative relationship between the amount of cloud cover and 
the detrended catch rate for the King prawn in 1975. 
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Table 5.1: Correlation coefficients for the relationships between cloud cover and a five 
day average surrounding the full moon and the minimum catch for the five days for the 
detrended data of the King prawn in Shark Bay. 
5Day Avera2e Minimum Of 5Days 
Year r Year r 
1972 0.682 1972 0.420 
1975 -0.204 1975 -0.391 
1978 -0.237 1978 -0.078 
1980 -0.151 1980 -0.276 
1985 0.176 1985 0.036 
Table 5.2: Correlation coefficients for the relationships between cloud cover and a five 
day average surrounding the full moon and the minimum catch for the five days for the 
detrended/transformed data of the Endeavour prawn in Exmouth Gulf. 
5Day Avera2e Minimum Of5Days 
Year r Year r 
1975 -0.433 1975 -0.122 
1978 0.348 1978 0.030 
1980 -0.380 1980 -0.237 
Other options were considered for testing the relationship between the amount of 
cloud cover and the detrended daily catch rate. These options included a correlation for 
all five days surrounding the full moon dates and the summarised cloud cover. There 
was also a correlation for three-day averages instead of five-day averages in an attempt 
to pick up more information in the days immediately before and after the full moon, 
with the amount of cloud cover. These tests picked up no patterns for an effect of the 
amount of cloud blocking the reflected light from the moon on the detrended daily catch 
rates of the King prawn in Shark Bay and the Endeavour prawn in Exmouth Gulf. 
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6 DISCUSSION AND CONCLUSIONS 
This section reviews the results obtained in this Thesis. Section 6.1 discusses 
the results of the impact on the daily catch rates of the Endeavour, King and Tiger 
prawns in the Shark Bay and Exmouth Gulf fisheries. Section 6.2 discusses the 
modelling of the daily catch rates using various techniques and methods of prediction 
for daily catch rates during compulsory full moon closures. Section 6.3 discusses future 
research directions for improving daily catch rate models and further investigation in the 
effects of the amount of cloud cover. 
6.1 Results of the Impact on Daily Catch Rates 
Two factors investigated in this Thesis which may affect the daily catch rates of 
the Endeavour, King and Tiger prawns are the lunar phase and the amount of cloud 
cover. Section 6.1.1 reviews the results from the effect of the lunar phase and Section 
6.1.2 reviews the results on the effect of cloud cover on the daily catch rates of the 
prawns in the Shark Bay and Exmouth Gulf fisheries. 
6.1.1 Results for Lunar Cycle 
The findings in part 4 in sections 4.2.1 and 4.2.2 provide evidence that the lunar 
phase has an effect on the daily catch rates of the King prawn in Shark Bay and 
Exmouth Gulf and the Endeavour prawn in Exmouth Gulf using the detrended data and 
cyclic indices. Detrended data sets affected by the lunar phase had decreased catches 
corresponding to the full moon indices and increased catches at the new moon indices 
with catches at the two quarters at intermediate levels. The cyclic indices illustrated the 
catch rates at all four lunar phases as a decrease from first quarter to full moon, for a 
minimum in catch, then a slight increase for the last quarter followed by maximum 
catch at new moon. Based on the lack of Endeavour prawn catches in Shark Bay, the 
results produced were not reliable enough to conclude whether there is an effect on the 
daily catch rate of the Endeavour prawn from the lunar phase in Shark Bay. 
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Based on the cyclic indices in Table 5.1 in section 4.2.2 for classical 
decomposition, average percentages of the drop in catch below the trend at full moon 
and the increase in catch above the trend at new moon can be calculated. Table 6.1 
below contains these results, negative values correspond to a drop in the daily catch 
rate. The King prawn in Shark Bay demonstrates the effect of the lunar phase on their 
daily catch rates. There was an average drop of 34.48% below the trend of the daily 
catch rate during the full moon and an increase in catch of 19.79% above the trend 
during the new moon from 1972 to 1985. The Endeavour prawn was found to be 
marginally less effected by the lunar phase, and can be noted to have an average 
percentage drop in catch by 19.76% at full moon and only an increase of 5.55% during 
the new moon. The King prawn in Exmouth Gulf demonstrates a larger effect by the 
lunar phase than the Endeavour prawn with a drop of 26.09% during the full moon and 
an increase of 6.35% during the new moon. This was not unexpected as the Holt-
Winters method produced cyclic indices that demonstrated a similar pattern to the 
Endeavour prawns in Exmouth Gulf. 
Table 6.1: Mean percentages and standard deviations of the catch above and below the 
trend, based on the cyclic index produced by classical decomposition. 
Fishery Prawn Full Moon SD New Moon SD 
Species (%) (%) 
Shark Endeavour 
Bay King -34.48 0.0654 19.79 0.0255 
Tiger 7.7 0.215 -11.78 0.1593 
Exmouth Endeavour -19.76 0.0985 5.55 0.0994 
Gulf King -26.09 0.0764 6.35 0.1378 
Tiger -3.63 0.0149 -5.31 0.0088 
The average percentages for the Tiger prawns in both fisheries confirm that the 
lunar phase does not effect the daily catch rate of the Tiger prawn. In fact, the results 
for the Tiger prawn in Shark Bay almost suggests that the effect on these prawns is 
opposite to the effect on the King prawns in Shark Bay, as there is an increase in catch 
rate at full moon and a drop in catch rate at new moon. This may be the result of fishers 
targeting the Tiger prawn in preference to the King prawn during the full moon because 
they are aware that there will be low numbers of King prawns at this time. 
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6.1.2 Results for Cloud Cover 
Methods for investigating the effect of the amount of cloud cover in section 5.2 
on daily catch rates were experimental. No conclusive evidence was produced that 
confirmed the amount of cloud cover in the night sky has an effect on the daily catch 
rates of the Endeavour, King and Tiger prawns in the Shark Bay and Exmouth Gulf 
fisheries in Western Australia. A better measure of "light intensity" would be needed 
for better results, rather than merely designating a number to each lunar phase to 
represent the amount of light being reflected by the moon's surface and only 
incorporating cloud cover data. The results produced in Section 5.2 are experimental 
and need further investigation. Once a better understanding of the impact of cloud 
cover is determined, more accurate predictions of daily catch rates can be made for 
during the three-day moon closures. 
6.2 Modelling Results 
All twenty-two data sets available for modelling were modelled using a variety 
of different techniques. The Holt-Winters method was used to model both the original 
and the detrended data sets and classical decomposition was used to model the 
detrended data. The ARIMA modelling was used to model the adjusted data or the 
original data where a significant peak at approximately 29.5 days was not evident in the 
spectral analysis. Several different ARIMA models were fitted to each adjusted or 
original data set and then compared for the better fit, and therefore the better model. 
The majority of these were AR(l) models with large alpha values, in these cases the 
current value at time t, A1, is described by the past value, A1•1, plus some random value, 
4. 
Table 6.2 contains the mean absolute deviations (MAD) for each of the resultant 
models for each modelling technique. MINIT AB does not calculate the MAD for the 
ARIMA models fitted to the data, therefore these MAD values were calculated using the 
following formula; 
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MAD=Lied/n 
The Holt-Winters method produced a better fit for the detrended data rather than 
the original data, perhaps because the original data is multiplicative and by detrending it 
the variance in the data sets is removed. For the detrended data, the modelling 
technique that produced smaller MAD values for all cases, was the Holt-Winters 
method. Graph 6.1 below contains two fitted models for the detrended data of the King 
prawn in Shark Bay for 1972. It can be observed that the better fit is that of the Holt-
Winters model because the fitted values are closer to the observations than for the 
classical decomposition model. 
(\J C\J C\J C\J C\J C\J C\J C\J 
~ ~ t::: i ~ t::: ~ ~ L!') co ~ 0 ~ e ~ 0 ~ ~ v ~ ~ 
Time (days) 1- Detrended - Winters Decorrposition I 
Graph 6.1: Comparing two fitted models for the detrended data of the King prawn in 
Shark Bay for 1972 calculated by the Holt-Winters method and classical decomposition. 
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Table 6.2: Measures of the mean absolute deviation (MAD) for each model fitted to 
the original, detrended and/or adjusted data for each prawn in each fishery for all years. 
Fishery Prawn Year Winters Decomposition Adjusted 
Orieinal Detrended Detrended Orieinal Adjusted 
1972 
1975 
Endeavour 1978 
1980 
1985 
1972 3.8363 0.1593 0.2018 0.1754 
Shark 1975 3.3551 0.1463 0.2067 0.1563 
Bay Kine 1978 3.8108 0.1489 0.2004 0.1596 
1980 2.6199 0.1218 0.1400 0.1397 
1985 2.5072 0.1132 0.1509 0.1218 
1972 1.2949 0.4112 0.536 0.4109 
1975 1.9507 * * 2.0650 * 
Tieer 1978 1.9484 0.3149 0.3958 0.3405 
1980 0.7426 0.4436 0.526 0.5539 
1985 0.7934 0.3243 0.3701 0.3900 
1972 1.4543 0.2252 0.2677 0.2453 
Endeavour 1975 2.1987 0.2425 0.3170 0.2923 
1978 1.3213 * * 1.4348 * 
1980 1.2173 0.2853 0.3217 0.3182 
1972 2.0453 0.2994 0.3800 0.4072 
Exmoutt King 1975 2.5173 0.3431 0.4034 0.4047 
t;ulf 1978 2.7835 0.3316 0.3654 0.4073 
1980 1.6875 0.366 0.416 0.4068 
1972 2.1754 0.1799 0.2073 0.1781 
Tieer 1975 3.7316 * * 3.6442 * 
1978 2.5401 * * 2.5794 * 
1980 1.6878 0.1762 0.1987 0.2033 
* These data sets contained no cycle corresponding to the lunar phase and therefore ARIMA 
models and the Holt-Winters method were modelled directly onto the observations. 
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The data sets that did not contain a significant cycle at approximately 29.5 days 
were modelled with the Holt-Winters method and ARIMA modelling on the original 
data sets. All of the four data sets were modelled with an AR(l) and only one of these 
had a better fit than the results of the Holt-Winters model. Graph 6.2 below contains the 
original data set for the Tiger prawn in Exmouth for the year 1975 with the fitted values 
calculated by the Holt-Winters method and an AR(l). It can be noted that in this case 
the AR(l) was the better fit for the data, this can be observed by how close the fitted 
values are to the original values and by comparing the MAD values of the two models 
in Table 6.2. 
Fitted Models; Tiger, Exmouth, 1975 
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Graph 6.2: Comparison of the fit for an AR(l) and a model produced by the Holt-
Winters method for the Tiger prawn in Exmouth Gulf in 1975. 
Using the results of this study, it would be possible to predict daily catch rates, 
in kilograms per hour, for missing values resulting from compulsory moon closures. 
First an AR(l) model for the adjusted data could be used because it was found in section 
5.1 that the alpha (a) value for all adjusted/original data sets reflected strong 
relationships between the current value, At. and the past values, A1• 1, of the 
observations. This component could be multiplied by a 30 day cyclic component, and 
then multiplied by the 30 day centred moving average trend component of the 
incomplete data set. For example see Graph 6.3 for the centred moving average. The 
centred moving average could also be based on the consistent shape of the trend in 
Graph 4.3 from the exploratory data analysis for the prediction of future years. 
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Predictions could also be calculated using the cyclic index calculated in section 4.2.2 for 
the King prawn in Shark Bay from 1972 for the full moon, which shows values between 
approximately 0.6 to 0.8 for the cyclic index. The average percentage drop below the 
trend line in Table 6.1 could also be incorporated into ·the estimation of the daily catch 
rate during the full moon closures. 
..::- 80 
~ 70 
~ 60 
'* 50 a: 40 
s:; 
2 30 
~ 20 
.2- 10 
'iii 
c 0 
Centred Moving Average 
r. 
,!-~ 
~ .Jr~ -
\~N ,, ~ _JJ'\., 
\{ 
" I I 
1'- 1'- 1'- 1'- 1'- 1'- 1'-
~ ~ t1 ~ (X) ~ ~ ~ r::: 
e 0 0 0 ~ e 0 1'- r::: r::: r::: 1'- r::: 
Time {days) 1-Observations - cMA. j 
fVi.. 
---' 
1'-
(X) 
C5 
~ 
r::: 
Graph 6.3: Time series of the King prawn in Shark Bay for 1987 containing missing 
values due to compulsory moon closures beginning in August. 
6.3 Future Research Directions 
In this study, six years of data were randomly chosen starting from 1972 to 
represent overall patterns for daily catch rates of the three prawns; Endeavour, King and 
Tiger prawns in the Exmouth Gulf and Shark Bay fisheries. The daily catch rate data 
consisted of averages over all the regions within the two fisheries. The study does not 
take into account the spatial variation in catch rates. A geostatistical approach that 
included a spatial investigation for selected subregions of the two fisheries would 
provide invaluable information on spatial prawn abundance and trawling vessel 
distributions. 
The mainstay of both the Exmouth Gulf and Shark fi sheries are the catches for 
the King and Tiger prawns but there also exists another species of prawn known as the 
Banana prawn (P. merguiensis) in these two areas (Fisheries Western Australia)(ISSN 
,._ 
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1326-6926 No. 3 in a series.). Further study into the lunar effect that included the 
catches for this species may help in future decisions by the fisheries management. 
Several modelling time series methods were used to model the daily catch rate 
data sets; Holt-Winters, classical decomposition and ARIMA/SARIMA modelling. 
There are additional techniques that could be considered for modelling this data; such as 
structural time series, transfer functions, simple and/or multiple regression and other 
more advanced modelling techniques. These techniques could provide different insights 
into the behaviour of the daily catch rate data of the three different prawn species. 
Other environmental factors rather than just the lunar phase, and investigation 
into the effect of the amount of cloud cover, can be considered to set up models that 
would explain more of the variation in the data. Other environmental factors would 
include phenomenons like the swell, water temperature, turbidity, diurnal (day and 
night) cycles and more. This would then involve fitting a more complicated model to 
the data, like; 
Catch Rate = Trend*Cycle*Lunar Phase* Swell *Water Temperaure* .... 
the model would be multiplicative because all of the time series of observations have 
been found to be multiplicative. 
Further investigation is needed into the effect of the amount of cloud cover in 
the sky on the nights of the full moon. These results could provide a better 
understanding of the effect of the light intensity on the daily catch rates of the 
Endeavour, King and Tiger prawns in the Shark Bay and Exmouth Gulf fisheries. This 
research would help explain why the daily catch rate may not have dropped as much as 
expected on the night of a cloudy full moon. 
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6.4 Conclusion 
The aim of this Thesis was to identify the effect, if any, of the lunar phase on the 
daily catch rates of the Endeavour, King and Tiger prawns in the Exmouth Gulf and 
Shark Bay fisheries of Western Australia. Modelling the relationship between the daily 
catch rates and the lunar phase was also an objective. Several models were fitted to 
each of the available data sets and then compared for goodness of fit. Data sets that did 
not exhibit spikes in a spectral analysis, corresponding to a cycle of approximately 29.5 
days, were modelled using only ARIMA models on the observations and were not 
included in cyclic comparisons or lunar index comparisons. The data collected for the 
Endeavour prawn in Shark Bay was excluded due to the majority of the catch rates 
being zero making detrending the data impossible. There was a large variety of time 
series methods used in analysing and modelling the data sets, such as centred moving 
averages, cross correlation functions, spectral analysis, residual analysis, the Holt-
Winters method, classical decomposition and Box-Jenkins modelling 
(ARIMA/SARIMA). 
An analysis of the impact of the compulsory moon closures could have been 
undertaken using ANOVA, which is a family of statistical methods used to determine 
the reliability of mean group differences. However, time series methods can produce 
more detailed information on changes over time, in this case in each region for each 
prawn species, and was therefore the preferred approach for this Thesis. 
It is widely thought that the full moon produces decreases in catch in some 
species of prawn. In this Thesis the results show that the King prawn is effected the 
greatest in Shark Bay but marginally less in Exmouth Gulf, with a decrease in catch at 
the full moon and an increase in catch at the new moon. The Endeavour prawn in 
Exmouth Gulf is also affected but not as greatly as the King prawn in the same fishery. 
There was no evidence produced to show this same effect by the lunar phase on the 
Tiger prawn in either fishery. These results suggest that the King prawn is the most 
sensitive to the full moon. Perhaps they tend to bury themselves more readily in the 
seabed than the Tiger prawns during this time. 
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Different models were used on the observations, detrended and adjusted data to 
model the relationship between prawn catches and the lunar phase. It was discovered 
that the fitted data had smaller residuals when the data was detrended first and then 
modelled using the Holt-Winters method. The five data sets that did not contain 
significant cycles were all modelled with an AR(l) and with the Holt-Winters method 
with a seasonal length of 30 days. In some cases the Holt-Winters method yielded 
smaller MAD values, this could be attributed to the fact that the other ARIMA models 
that had been fitted to the observations were rejected on the basis of having too many 
variables but in fact had smaller MAD values. 
The results from this Thesis will provide a better understanding of the effect of 
the lunar phase on the daily catch rate of the Endeavour, King and Tiger prawns in the 
two Western Australian fisheries. The results will hopefully aid in the development of 
improved models in predicting the abundance of penaeus stock for the future and 
provide management with more accurate information to maintain stock levels and 
sustain a good economical yield. 
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APPENDICES 
The key for the abbreviations throughout the appendices is; 
• The first letter corresponds to the first letter of the prawn species, ie. E, Kor T, 
• The second letter corresponds to the first letter of the fishery, ie. Sor E, 
• The last two numbers correspond to the last two numbers of the year, ie. 72, 75, 78, 
80, 85 or 87, 
• Adj corresponds to adjusted data set. 
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APPENDIXB: 
Spectral analysis of the observations and detrended data 
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Observations, peak=32 
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Detrended/Stationary, peaks = 28.44, 16 
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Detrended/Stationary, peak= 16 
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ES80 
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APPENDIXF: 
MINITAB Print-outs of the Resultant ARIMA Models 
AdjEE72 
Print-out for ARIMA(l,0,0) 
Final Estimates of Parameters 
Type Coef StDev 
AR 1 0.9544 0.0183 
Number of observations: 285 
T 
52.04 
p 
0.000 
Residuals: SS 35.0997 (backforecasts excluded) 
MS= 0.1236 DF = 284 
Modified Box-Pierce (Ljung-Box) 
Lag 12 24 
Chi-Square 15.5 20.9 
DF 11 23 
P-Value 0.162 0.589 
AdjEE75 
Print-out for ARIMA(l,0,0) 
Final Estimates of Parameters 
Type Coef StDev 
AR 1 0.9403 0.0210 
Number of observations: 278 
Chi-Square 
36 
39.5 
35 
0.277 
T 
44.80 
statistic 
48 
47.3 
47 
0.460 
p 
0.000 
Residuals: SS 48.3116 (backforecasts excluded) 
MS= 0.1744 DF = 277 
Modified Box-Pierce (Ljung-Box) 
Lag 12 24 
Chi-Square 18.0 32.4 
DF 11 23 
P-Value 0.081 0.093 
EE78 
Print-out of ARIMA(l,0,0) 
Final Estimates of Parameters 
Type Coef StDev 
AR 1 0.9706 0.0141 
Number of observations: 312 
Chi-Square 
36 
46.7 
35 
0.089 
T 
69.01 
statistic 
48 
51. 6 
47 
0.300 
p 
0.000 
Residuals: SS 1207.06 
MS= 3.88 
(backforecasts excluded) 
DF = 311 
Modified Box-Pierce (Ljung-Box) Chi-Square statistic 
Lag 12 24 36 48 
Chi-Square 22.3 40.7 49.3 56.3 
DF 11 23 35 47 
P-Value 0.022 0. 013 0.055 0.165 
94 
AdjEE80 
Print-out for ARIMA(l,0,0) 
Final Estimates of Parameters 
Type Coef StDev 
AR 1 0.9201 0.0221 
Number of observations: 325 
T 
41.64 
p 
0.000 
Residuals: SS 70.5279 
MS= 0.2177 
(backforecasts excluded) 
DF = 324 
Modified Box-Pierce (Ljung-Box) 
Lag 12 24 
Chi-Square 39.0 49.0 
DF 11 23 
P-Value 0.000 0.001 
AdjKE72 
Print-out for ARIMA(l,0,0) 
Final Estimates of Parameters 
Type Coef St Dev 
AR 1 0.9040 0.0256 
Number of observations: 285 
Chi-Square 
36 
61. 5 
35 
0.004 
T 
35.36 
statistic 
48 
71.2 
47 
0. 013 
p 
0.000 
Residuals: SS 95.3370 
MS= 0.3357 
(backforecasts excluded) 
DF = 284 
Modified Box-Pierce (Ljung-Box) 
Lag 12 24 
Chi-Square 39.6 46.3 
DF 11 23 
P-Value 0.000 0.003 
AdjKE75 
Print-out of ARIMA(l,0,0) 
Final Estimates of Parameters 
Type Coef St Dev 
AR 1 0.9019 0.0260 
Number of observations: 278 
Chi-Square 
36 
69.1 
35 
0.001 
T 
34.75 
statistic 
48 
86.4 
47 
0.000 
p 
0.000 
Residuals: SS 85.2415 
MS= 0.3077 
(backforecasts excluded) 
DF = 277 
Modified Box-Pierce (Ljung-Box) Chi-Square statistic 
Lag 12 24 36 48 
Chi-Square 27.2 41. 7 51. 8 75.5 
DF 11 23 35 47 
P-Value 0.004 0.010 0.034 0.005 
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KE78 
Print-out for ARIMA(l,0,0) 
Final Estimates of Parameters 
Type Coef St Dev 
AR 1 0.8918 0.0273 
Number of observations: 282 
T 
32.64 
p 
0.000 
Residuals: SS 90.6123 (backforecasts excluded) 
MS= 0.3225 DF = 281 
Modified Box-Pierce (Ljung-Box) Chi-Square 
Lag 12 24 36 
Chi-Square 40.1 55.4 83.9 
DF 11 23 35 
P-Value 0.000 0.000 0.000 
AdjKESO 
Print-out for ARIMA(l,0,1) Modelling 
Final Estimates of Parameters 
Type Coef St Dev 
AR 1 0.9128 0.0261 
MA 1 0.1706 0.0624 
Number of observations: 325 
T 
35.04 
2.73 
statistic 
48 
92.2 
47 
0.000 
p 
0.000 
0.007 
Residuals: SS 111.846 
MS= 0.346 
(backforecasts excluded) 
DF = 323 
Modified Box-Pierce (Ljung-Box) Chi-Square 
Lag 12 24 36 
Chi-Square 33.7 43.5 52.7 
DF 10 22 34 
P-Value 0.000 0.004 0.021 
AdjTE72 
Print-out for ARIMA(l,0,0) Modelling 
Final Estimates of Parameters 
Type Coef St Dev 
AR 1 0.9753 0.0141 
Number of observations: 285 
T 
69.30 
statistic 
48 
59.7 
46 
0.085 
p 
0.000 
Residuals: SS 17.9766 (backforecasts excluded) 
MS= 0.0633 DF = 284 
Modified Box-Pierce (Ljung-Box) Chi-Square statistic 
Lag 12 24 36 48 
Chi-Square 25.6 36.0 43.4 50.3 
DF 11 23 35 47 
P-Value 0.008 0.041 0.155 0.343 
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TE75 
Print-out of ARIMA(l,0,0) 
Final Estimates of Parameters 
Type Coef StDev 
AR 1 0.9815 0.0113 
Number of observations: 308 
T 
86.66 
p 
0.000 
Residuals: SS 9703.79 
MS= 31.61 
(backforecasts excluded) 
DF = 307 
Modified Box-Pierce (Ljung-Box) Chi-Square 
Lag 12 24 36 
Chi-Square 32.6 67.8 110. 2 
DF 11 23 35 
P-Value 0.001 0.000 0.000 
TE78 
Print-out for ARIMA(l,0,0) Modellin2 
Final Estimates of Parameters 
Type Coef StDev 
AR 1 0.9794 0.0120 
Number of observations: 312 
T 
81. 87 
statistic 
48 
134.6 
47 
0.000 
p 
0.000 
Residuals: SS 4311.68 
MS= 13.86 
(backforecasts excluded) 
DF = 311 
Modified Box-Pierce (Ljung-Box) 
Lag 12 24 
Chi-Square 21. 5 36.7 
DF 11 23 
P-Value 0.029 0.035 
AdjTE80 
Print-out of ARIMA(l,0,0) 
Final Estimates of Parameters 
Type Coef StDev 
AR 1 0.9657 0.0147 
Number of observations: 325 
Chi-Square 
36 
59.7 
35 
0.006 
T 
65.55 
statistic 
48 
71. 7 
47 
0.012 
p 
0.000 
Residuals: SS 28.5749 
MS= 0.0882 
(backforecasts excluded) 
DF = 324 
Modified Box-Pierce (Ljung-Box) Chi-Square statistic 
Lag 12 24 36 48 
Chi-Square 20.0 28.3 37.8 45.l 
DF 11 23 35 47 
P-Value 0.045 0. 204 0.343 0.551 
97 
AdjKS72 
Print-out of ARIMA(l,0,0) 
Final Estimates of Parameters 
Type Coef StDev 
AR 1 0.9767 0.0139 
Number of observations: 269 
T 
70.10 
p 
0.000 
Residuals: 88 16.3226 (backforecasts excluded) 
MS= 0.0609 DF = 268 
Modified Box-Pierce (Ljung-Box) Chi-Square 
Lag 12 24 36 
Chi-Square 18.6 24.2 36.2 
DF 11 23 35 
P-Value 0.068 0.391 0.412 
AdjKS75 
Print-out for ARIMA(l,0,0) Modellin2 
Final Estimates of Parameters 
Type Coef StDev 
AR 1 0.9838 0.0122 
Number of observations: 308 
T 
80.90 
statistic 
48 
45.0 
47 
0.557 
p 
0.000 
Residuals: 88 16.2008 (backforecasts excluded) 
MS= 0.0528 DF = 307 
Modified Box-Pierce (Ljung-Box) 
Lag 12 24 
Chi-Square 21.7 30.4 
DF 11 23 
P-Value 0.027 0 .138 
AdjKS78 
Print-out of ARIMA(l,0,0) 
Final Estimates of Parameters 
Type Coef StDev 
AR 1 0.9826 0.0122 
Number of observations: 318 
Chi-Square 
36 
50.7 
35 
0.042 
T 
80.48 
statistic 
48 
57.5 
47 
0.141 
p 
0.000 
Residuals: 88 16.4728 
MS= 0.0520 
(backforecasts excluded) 
DF = 317 
Modified Box-Pierce (Ljung-Box) Chi-Square statistic 
Lag 12 24 36 48 
Chi-Square 35.0 48.4 57.1 68.9 
DF 11 23 35 47 
P-Value 0.000 0.001 0.010 0.020 
98 
AdjKS80 
Print-out for ARIMA(l,0,0) Modellin2 
Final Estimates of Parameters 
Type Coef St Dev 
AR 1 0.9886 0.0104 
Number of observations: 308 
T 
95.12 
p 
0.000 
Residuals: SS 11.6161 
MS= 0.0378 
(backforecasts excluded) 
DF = 307 
Modified Box-Pierce (Ljung-Box) 
Lag 12 24 
Chi-Square 21. 4 37.5 
DF 11 23 
P-Value 0.030 0.028 
AdjKS85 
Print-out of ARIMA(l,0,0) 
Final Estimates of Parameters 
Type Coef St Dev 
AR 1 0.9823 0.0145 
Number of observations: 212 
Chi-Square 
36 
65.3 
35 
0.001 
T 
67.64 
statistic 
48 
87.0 
47 
0.000 
p 
0.000 
Residuals: SS 10.6209 (backforecasts excluded) 
MS= 0.0503 DF = 211 
Modified Box-Pierce (Ljung-Box) 
Lag 12 24 
Chi-Square 16.2 21. 5 
DF 11 23 
P-Value 0.133 0.550 
AdjTS72 
Print-out of ARIMA(l,0,0) 
Final Estimates of Parameters 
Type Coef St Dev 
AR 1 0.8255 0.0345 
Number of observations: 269 
Chi-Square 
36 
31. 9 
35 
0.619 
T 
23.90 
statistic 
48 
37.8 
47 
0.828 
p 
0.000 
Residuals: SS 189.918 
MS= 0.709 
(backforecasts excluded) 
DF = 268 
Modified Box-Pierce (Ljung-Box) Chi-Square statistic 
Lag 12 24 36 48 
Chi-Square 24.3 55.8 71. 8 75.3 
DF 11 23 35 47 
P-Value 0.012 0.000 0.000 0.005 
99 
TS75 
Print-out of ARIMA(l,0,0) 
Final Estimates of Parameters 
Type Coef StDev 
AR 1 0.9708 0.0134 
Number of observations: 338 
T 
72.53 
p 
0.000 
Residuals: SS 3850.83 
MS= 11.43 
(backforecasts excluded) 
DF = 337 
Modified Box-Pierce (Ljung-Box) 
Lag 12 24 
Chi-Square 27.0 50.1 
DF 11 23 
P-Value 0.005 0.001 
AdjTS78 
Print-out of ARIMA(l,0,0) 
Final Estimates of Parameters 
Type Coef StDev 
AR 1 0.8312 0.0313 
Number of observations: 318 
Chi-Square 
36 
72.6 
35 
0.000 
T 
26.57 
statistic 
48 
97.8 
47 
0.000 
p 
0.000 
Residuals: SS 153.033 
MS= 0.483 
(backforecasts excluded) 
DF = 317 
Modified Box-Pierce (Ljung-Box) 
Lag 12 24 
Chi-Square 38.8 72.0 
DF 11 23 
P-Value 0.000 0.000 
AdjTS80 
Print-out of ARIMA(l,0,0) 
Final Estimates of Parameters 
Type Coef St Dev 
AR 1 0.8087 0.0336 
Number of observations: 308 
Chi-Square 
36 
101. 6 
35 
0.000 
T 
24.09 
statistic 
48 
111.6 
47 
0.000 
p 
0.000 
Residuals: SS 233.452 
MS= 0.760 
(backforecasts excluded) 
DF = 307 
Modified Box-Pierce (Ljung-Box) Chi-Square statistic 
Lag 12 24 36 48 
Chi-Square 60.5 82.4 98.0 112. 8 
DF 11 23 35 47 
P-Value 0.000 0.000 0.000 0.000 
100 
AdjTS85 
Print-out of ARIMA(l,0,2) 
Final Estimates of Parameters 
Type Coef StDev T p 
AR 1 0.9669 0. 0212 45.64 0.000 
MA 1 0.4764 0. 0725 6.57 0.000 
MA 2 0.0653 0. 0718 0.91 0.364 
Number of observations: 212 
Residuals: SS 101. 899 
MS= 0.488 
(backforecasts excluded) 
DF = 209 
Modified Box-Pierce (Ljung-Box) Chi-Square statistic 
Lag 12 24 36 48 
Chi-Square 14.4 20.2 30.8 39. 2 
DF 9 21 33 45 
P-Value 0 .110 0.508 0.578 0. 714 
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APPENDIXG: 
ACF's of the Residuals for the Resultant.ARIMA Models 
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APPENDIXH: 
CCF's of Summarised Cloud Cover and Detrended Indices 
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